In most retroviruses, plasma membrane (PM) association of the Gag structural protein is a critical step in viral assembly, relying in part on interaction between the highly basic Gag MA domain and the negatively charged inner leaflet of the PM. Assembly is thought to begin with Gag dimerization followed by multimerization, resulting in a hexameric lattice. To directly address the role of multimerization in membrane binding, we fused the MA domains of Rous sarcoma virus (RSV) and HIV-1 to the chemically inducible dimerization domain FK506-binding protein (FKBP) or to the hexameric protein CcmK4 from cyanobacteria. The cellular localization of the resulting green fluorescent protein (GFP)-tagged chimeric proteins was examined by fluorescence imaging, and the association of the proteins with liposomes was quantified by flotation in sucrose gradients, following synthesis in a reticulocyte extract or as purified proteins. Four lipid compositions were tested, representative of liposomes commonly reported in flotation experiments. By themselves, GFP-tagged RSV and HIV-1 MA proteins were largely cytoplasmic, but both hexamerized proteins were highly concentrated at the PM. Dimerization led to partial PM localization for HIV-1 MA. These in vivo effects of multimerization were reproduced in vitro. In flotation analyses, the intact RSV and HIV-1 Gag proteins were more similar to multimerized MA than to monomeric MA. RNA is reported to compete with acidic liposomes for HIV-1 Gag binding, and thus we also examined the effects of RNase treatment or tRNA addition on flotation. tRNA competed with liposomes in the case of some but not all lipid compositions and ionic strengths. Taken together, our results further underpin the model that multimerization is critical for PM association of retroviral Gag proteins. In addition, they suggest that the modulation of membrane binding by RNA, as previously reported for HIV-1, may not hold for RSV.
P
article assembly and budding are critical steps in the retrovirus life cycle. For most retroviruses, the structural protein Gag assembles into a budding virus particle on the inner leaflet of the cellular plasma membrane (PM). The matrix domain (MA) at the N terminus of Gag mediates the PM interaction. Retroviral MAs contain as many as three membrane binding signals that provide membrane interactions as well as specificity. First, most contain a highly basic patch that interacts electrostatically with the negatively charged inner leaflet of the PM (1) . The inner leaflet of the PM derives its net negative charge from phosphatidylserine (PS) and to a lesser extent phosphatidylinositols (PIPs) (2) . Second, most retroviral MAs are myristoylated, a modification that is required for membrane interaction (3) . However, the Gag proteins of some retroviruses, such as Rous sarcoma virus (RSV) and equine infectious anemia virus (EIAV), are not myristoylated.
Third, at least some retroviral MAs have phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] binding pockets. Examples include human immunodeficiency virus type 1 (HIV-1) and HIV-2, Mason-Pfizer monkey virus (MPMV) (4) , and EIAV (5) . Other viruses, such as RSV, murine leukemia virus (MLV), and human T-lymphotropic virus (HTLV), apparently do not (6, 7) . In vivo, HIV-1 and MLV are sensitive to PI(4,5)P2 depletion mediated by polyphosphoinositide 5-phosphatase IV (5PtaseIV), in that plasma membrane localization and viral particle release are decreased (8) (9) (10) (11) (12) . HTLV and EIAV are less sensitive to PI(4,5)P2 depletion (5, 11) . However, EIAV virus-like particle (VLP) release is decreased by expression of synaptojanin 2, a polyphosphoinositide phosphatase with broad specificity (5) . In vivo, RSV does not respond to 5PtaseIV depletion under the same conditions that HIV-1 does (8) , but under different conditions, RSV Gag also is sensitive to 5PtaseIV (13) .
In contrast with some in vivo results, in liposome binding assays in vitro most or all retroviral Gag proteins bind more tightly to membranes in the presence of PI(4,5)P2 as well as other PIPs than to membranes without PIPs (8-10, 14, 15) . In such assays, it is challenging to ascertain to what degree PIP-enhanced binding is due to electrostatic interactions and to what degree it is due to specific recognition of the PIP head group. In solution with shortchain versions of PI(4,5)P2, HIV-1 MA interacts not only with the phosphorylated inositol head group but also with the 2= acyl chain (7) . This observation led to a model for HIV-1 MA and Gag in vivo, in which the typically unsaturated, long 2= acyl chain "flips out" of the hydrophobic core of the lipid bilayer and binds instead to a hydrophobic groove in MA (7, 16) . Similar observations recently have been reported for short-chain versions of the abundant inner leaflet phospholipids PS and phosphatidyl choline (PC) (17) . Recently we demonstrated that HIV-1 Gag binding to liposomes is strongly modulated by the membrane cholesterol content and by the degree of acyl chain unsaturation, implying that the protein can somehow sense the hydrophobic environment of the membrane (15) . Assembly of the virus particle is driven by Gag-Gag interactions, ultimately resulting in the formation of an incomplete hexameric lattice in the immature virus particle just before its release from the cell (18, 19) . Gag multimerization primarily is dependent on interactions of the capsid (CA) portion of Gag, plus short immediately adjoining N-terminal and C-terminal sequences (20) (21) (22) (23) . The CA-CA contacts that hold the immature Gag lattice together have not been elucidated at a molecular level, although an 8-Å model recently has been suggested based on electron cryotomographic reconstructions of the MPMV lattice (24) . It is unknown if Gag hexamers form in the cytoplasm and are an intermediate in assembly or, alternatively, if the hexameric lattice grows by addition of monomers or dimers.
Gag dimers are inferred to be a critical building block of the Gag lattice, as evidenced by diverse studies. For example, in vitro assembly requires a nucleic acid (such as a DNA oligonucleotide) that is long enough to bind to two NC domains, or about 16 nucleotides (nt) in the case of RSV (25) (26) (27) . The function of NC can be replaced by a coiled-coil domain that forms dimers (leucine zipper) (28) (29) (30) (31) (32) , and in some cases disulfide-mediated cross-linking near the Gag C terminus also can replace NC (29) .
While the role of Gag multimerization in particle assembly has been studied extensively, little is known about how multimerization affects Gag membrane binding. While MA is dispensable for assembly of particles in vitro (33) (34) (35) (36) , in vivo assembly of Gag at the PM requires a membrane binding domain: either its own MA or part of it (9, 37), or the MA from another retrovirus (11, (38) (39) (40) , or a membrane binding domain from a cellular protein (8, 41, 42) . In an extreme example, a deletion of Gag MA that removed the entire highly basic region (HBR), including the PI(4,5)P2 binding pocket, but left the N-terminal myristoylation site was found to only modestly reduce the number of released extracellular particles (43, 44) . In contrast, a Gag mutation that prevented myristoylation abrogated membrane binding and VLP release, although some particles were assembled in the cytoplasm (45) . In summary, while a membrane binding domain is not required for Gag assembly, it is required for targeted assembly at the PM of cells.
Both RSV and HIV-1 Gag MA domains can interact with RNA (46) (47) (48) (49) (50) (51) (52) . At least in HIV-1, MA-RNA interaction can regulate membrane binding (14) . RSV MA binds RNA much more weakly than does HIV-1 MA (K. Musier-Forsyth, personal communication), and hence any role that RNA may play in Gag membrane binding in vivo may not be common to all retroviruses.
Little is known about the interplay between Gag-membrane interaction and Gag-Gag interactions. Previously, we showed that dimerization of RSV MA and HIV-1 MA increases membrane binding by 1 order of magnitude (53, 54) . We have now expanded on this observation with in vivo and in vitro assays of MA proteins that were engineered to be monomeric, dimeric, or hexameric. We have also investigated the effect that RNA has on the binding of RSV and HIV-1 Gag to membranes in vitro. Overall, the results show that while MA dimerization is sufficient to increase membrane binding under some conditions, the increase is most dramatic upon MA hexamerization.
MATERIALS AND METHODS
DNA vectors. The MA multimers used in this study are shown schematically in Fig. 1 . All DNA constructs were cloned using common subcloning techniques and were propagated in Escherichia coli DH5a cells. RSV and HIV-1 MA were PCR amplified and ligated at an AatII restriction site (added with primers) to either FK506-binding protein (FKBP) (Clontech) or Ccmk4 with a DVGSGS or DVTRPEL linker, respectively. The Ccmk4 plasmid was a gift from Owen Pornillos (55) . RSV and HIV-1 MA-FKBP and MA-Ccmk4 fusion proteins were PCR amplified and cloned into pET3x for reticulocyte expression using sites NdeI and KpnI (in the backbone of the vector and added to the MA chimeras by PCR). The resulting fusion peptides have the following amino acid sequences at their linker region: RSV MA-Linker-FKBP, SCY-DVGSGS-MASR; RSV MA-Linker-Ccmk4, SCY-DVTRPEL-MASA; HIV MA-Linker-FKBP, QNY-DVGSGS-MASR; and HIV MA-Linker-Ccmk4, QNY-DVTRPEL-MASA. The same chimeras were fluorescently tagged by cloning into pEGFP-N1 (Clontech) using sites EcoRI and AgeI (in the backbone of the vector and added to the insert by PCR). RSV MA and super M-MA (SM-MA) were cloned into pET3x and pEGFP in the same way. The plasmid expressing HIV-1 MA (myr-MA) was previously described (54, 56) . RSV Gag⌬PR and HIV-1 Gag⌬p6 (henceforth referred to as RSV Gag and HIV-1 Gag) were previously described in reference 8. Super M Gag was a gift from John Wills (57) .
Cells, transfection, and imaging. Cell cultures and transfections were performed as previously described (8, 54) . QT6 (quail) fibroblasts were maintained in Dulbecco modified Eagle medium supplemented with 5% fetal bovine serum, 5% NuSerum (BD Biosciences), 1% heat-inactivated chick serum, standard vitamins, L-glutamine, penicillin, and streptomycin. In brief, QT6 cells were seeded onto glass coverslips 24 h prior to transfection. At 50% confluence, cells were transfected with 1 g of DNA per ml of medium with FuGENE HD (Roche) according to the manufacturer's instructions. For cells expressing MA-FKBP-GFP, medium was replaced 16 to 18 h posttransfection with medium with (dimer) or without (monomer) 100 nM homodimerization reagent AP20187 (here referred to as BB) (Clontech).
Cells were imaged as previously described (8) . Briefly, at 20 to 24 h posttransfection, cells were fixed with 3.7% formaldehyde in phosphatebuffered saline (PBS) for 15 min and mounted on glass slides with FluoroGel (Electron Microscopy Sciences). Slides were viewed on an Ultraview spinning disc confocal microscope (Perkin-Elmer) with a Nikon 100ϫ Plan-Apochromat oil objective lens. Image analysis was performed using ImageJ software (v1.40g). The strength of fluorescence at the plasma membrane and the cytoplasm was measured at least two representative locations for each cell using the plot profile function. Cells with low and high expression levels were included. Background was subtracted, and the ratio of plasma membrane to cytoplasmic signal was quantified. Outliers were identified and removed using the Q test.
Liposome binding and velocity sedimentation. Large unilamellar vesicles (LUVs) were prepared by the rapid solvent exchange (RSE) method as previously described (15, 58, 59) . Briefly, lipids in chloroform were mixed in glass tubes at the stated molar ratios. Excess chloroform was removed by evaporation under a stream of nitrogen to a final approximate volume of 50 l. Buffer (20 mM HEPES, pH 7.0) was added, and the mixture was vortexed under vacuum for 90 s and sealed under argon gas, resulting in a final hydrated lipid mixture at 10 mg/ml. LUVs were prepared by extruding the lipid mixture at least 41 times through a 100-nm polycarbonate filter (Avanti) on a mini-extruder block heated to 45°C. LUVs were used within 10 days of preparation.
LUV binding was performed as previously described (8, 9, 15, 53, 54) . The reported values for the flotations are the averages of no fewer than four replicates, and the error bars represent the standard deviations from the means. Briefly, radioactively labeled protein was prepared by translation in the TNT-coupled T7 rabbit reticulocyte reaction (Promega) in the presence of [
35 S]methionine-cysteine (ExPRE35S35 protein labeling mix; Perkin-Elmer). Five microliters of reticulocyte reaction mixture was combined with 15 l binding buffer (20 mM HEPES, pH 7.0) and 50 g LUVs (to a concentration of 8.5 mg/ml). The reaction mixture was incubated for 10 min at 22°C. The reaction mixture was than combined with 75 l 67% sucrose (20 mM HEPES, pH 7.0). Next, 80 l of the resulting sucrose and reaction mixture was placed in a TLA-100 tube followed by 120 l 40% sucrose and 40 l 4% sucrose. All sucrose solutions were made with binding buffer (wt/wt). Centrifugation was performed at 90,000 rpm in a TLA-100 rotor (Beckman) for 1 h. Purified protein flotations were performed with 10 g of protein in place of the reticulocyte reaction mixture. The binding buffer and sucrose were supplemented with NaCl to a final concentration of 50 mM or 150 mM. For flotations with tRNA, 10 g Escherichia coli tRNA (Roche) was added to the 25-l binding reaction to a final approximate concentration of 15 M.
Dimerization of reticulocyte-generated MA-FKBP was performed by incubating the reaction at 30°C for 90 min. The reaction mixture was incubated for an additional 30 min following the addition of 200 nM homodimerization reagent. Dimerization of purified MA-FKBP was achieved by adding 10 M homodimerization reagent to the previously described reaction mixture, which was allowed to incubate for 30 min before the addition of sucrose.
Velocity sedimentation was performed with an eight-step sucrose gradient (20 mM Tris, pH 8.0, and 150 mM NaCl), 10 to 30% (wt/wt), overlaid with approximately 50 g purified protein in storage buffer (20 mM Tris [pH 8.0], 150 to 350 mM NaCl, 30% glycerol, 10 mM dithiothreitol [DTT]). Gradients were centrifuged in an SW-60 (Beckman) rotor at 45,000 rpm for 20 h. Fourteen 270-l fractions were taken, and 40 l of each was subjected to SDS-PAGE on a 17.5% SDS gel. Gels were Coomassie blue stained for 16 h, destained, and imaged.
Protein purification. Proteins were purified as previously described (15, 53, 54) with some modifications. Briefly, E. coli BL21 cultures were grown to an optical density at 600 nm (OD 600 ) of 0.4, IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to a final concentration of 0.5 mM, and cells were collected 4 h later. Pelleted cells were resuspended in lysis buffer (20 mM Tris-HCl [pH 8.0], 500 mM NaCl, 10 mM DTT, protease inhibitor [Complete Mini tablet; Roche]), lysed by sonication, and cleared by centrifugation in a TLA-110 (Beckman) rotor at 90,000 rpm for 45 min. Polyethylenimine (PEI) was added to a final concentration of 0.3% to precipitate nucleic acid, which was spun down and removed. Ammonium sulfate was added to 30% saturation to precipitate the protein, followed by centrifugation. The pellet was resuspended in binding buffer (20 mM Tris [pH 8.0], 100 mM NaCl, 10 mM DTT). The protein was further purified by cation exchange chromatography (HiTrap SP; Amersham Pharmacia). All purified proteins were concentrated to 2 to 5 mg/ml (Ultracel Ϫ10K; Millipore), aliquoted, and stored at Ϫ80°C in storage buffer (10 to 20 mM Tris [pH 8.0], 150 to 330 mM NaCl, 10 mM DTT, 30% glycerol). HIV-1 MA (myr-MA) was purified as described previously (15, 54, 56) . BL21 cultures were supplemented with myristic acid (10 mg/liter; Sigma) 1 h before induction with IPTG. The MA protein was purified from the supernatant by nickel-nitrilotriacetic acid (Ni-NTA) resin (Qiagen) followed by cation exchange chromatography (HiTrap SP; Amersham Pharmacia). Mass spectrometry confirmed that the protein was myristoylated.
RESULTS
We examined the effects of MA dimerization and hexamerization on membrane interaction in vivo and vitro. Chimeric MA proteins that can be induced to dimerize were created by fusion of MA with the FK506-binding protein (FKBP) (60) (61) (62) (Fig. 1) . Similarly, hexameric MAs were created by fusion with the cyanobacterial carboxysome shell protein Ccmk4 (55, 63) . The chimeras were designed so that the MA moieties were oriented with their membrane-binding domains all facing in the same direction, similar to their arrangement in the Gag lattice. For in vivo visualization, the chimeras were further fused to GFP (Fig. 1) . MA dimers and hexamers were compared with MA monomers and with full-length Gag in a standard liposome (also referred to as large unilamellar vesicle [LUV]) flotation assay, using radiolabeled proteins generated in a reticulocyte extract, or in some cases using purified proteins. We selected four representative types of liposomes, corresponding to what we and others have used previously to study Gag-membrane interactions (8, 9, 15, 53) .
Effects of MA dimerization and hexamerization on subcellular localization. Reports of HIV-1 MA cellular localization vary from cytoplasmic (54, (64) (65) (66) to partially membrane associated (67, 68) , while fluorescence of RSV MA-GFP is cytoplasmic and nuclear (69) owing to a nuclear localization signal (NLS) in the latter (69, 70) . To determine the effect of dimerization on cellular localization of MA, we treated transfected cells expressing chimeric MA proteins with the dimerization chemical AP20187 (here referred to as BB). The amount of BB required to induce a maximal change in MA-FKBP localization, 100 nM, was determined empirically in a series of concentration tests (data not shown).
The fluorescence from RSV MA-GFP and MA-FKBP-GFP monomers (ϪBB) were cytoplasmic and nuclear, as expected ( Fig.  2A) (69) . Inducing dimerization (ϩBB) did not significantly affect this result. In contrast, the RSV MA-Ccmk4-GFP hexamer was strongly concentrated at the PM, with little fluorescence elsewhere in the cell. To provide a graphical representation of the images, we used the ImageJ plot profile function to count pixel intensity, which is correlated with the fluorescence signal, at the plasma membrane and in the cytoplasm for each chimera tested. Over 25 measurements were made for each chimera, with at least two measurements per cell. Ratios of the average fluorescence intensity at the PM and cytoplasm showed that for the RSV MA chimeras, hexamerization increased PM localization approximately 5-fold over that in the monomers and dimers (Fig. 2B) .
For HIV-1, monomeric MA-FKBP-GFP was cytoplasmic while the dimerized MA-FKBP-GFP (ϩBB) was enriched somewhat at the PM. Similar to RSV MA-Ccmk4-GFP, the HIV-1 MA-Ccmk4-GFP hexamer was very strongly concentrated at the PM ( Fig. 2A  and B) . These results for both viruses suggest that for the fulllength Gag protein, stable binding to the PM most likely requires multimerization. For HIV-1, dimerization may be sufficient to drive Gag to the PM, but for RSV, dimerization evidently is not sufficient.
To investigate the possible cell type specificity of the effects of hexamerization, localization of both RSV and HIV-1 MA-Ccmk4-GFP was tested in 293T cells, yielding the same results as observed in QT6 cells (data not shown). As a further control to rule out the possibility that Ccmk4 itself might interact with membranes, we visualized the localization of Ccmk4-GFP. The fluorescence was diffuse and cytoplasmic (data not shown).
Effects of MA dimerization and hexamerization on liposome interaction. We previously reported that dimerization of purified RSV and HIV-1 MA results in an increase in LUV association across a range of lipid concentrations (53, 54) . In those studies, dimerization was achieved by fusing the MA domain to either a monomeric (mutant W184A/M185A [71] ) or a dimeric (Q192A, [72] ) version of the HIV-1 CA C-terminal domain (CA CTD ). In transfected cells, the GFP-tagged HIV-1 MACA CTD(Q192A) was somewhat concentrated at the PM in 293T cells (54) , while the similarly constructed RSV dimer was largely cytoplasmic in avian DF-1 cells (our unpublished results), fully consistent with the present results based on FKBP chimeras. We retested both of the CA CTD chimeras in 293T cells and again observed similar localization. However, when these monomeric and dimeric proteins were translated in vitro in a rabbit reticulocyte system and subjected to liposome flotation, the proteins did not behave as reported previously for the purified proteins. Little difference in flotation between monomeric and dimeric MAs was observed, both for RSV MACA CTD and HIV-1 MACA CTD (data not shown). By comparison with MA and MA-FKBP proteins, we infer that the reticulocyte-generated MACA CTD(W184A/M185A) monomers behave like dimers. Apparently, some component in the reticulocyte system affects dimerization or membrane binding for these chimeric proteins.
To address this discrepancy, we employed an independent approach to study the effect of MA dimerization, based on the chemically inducible dimerization domain FKBP (60, 73) . When RSV MA by itself and monomeric RSV MA-FKBP were compared, similar flotation results were obtained for all LUV types tested, implying that in this assay MA and MA-FKBP in the absence of BB are functionally equivalent. Similar to the approach used in vivo, a series of flotations was carried out to find the optimal homodimerization reagent concentration to elicit dimerization of MA-FKBP, as measured by augmented liposome flotation (data not shown). Dimerization induced by 200 nM BB led to a 2-to 3-fold increase in flotation of RSV MA-FKBP (Fig. 3A and B ) and up to a 2-fold increase for HIV-1 MA-FKBP (Fig. 3A and C) . For the hexamerized MA-CcmK4 chimeras, association with liposomes was 3-to 5-fold higher than for the monomeric protein for RSV and about 2-fold higher for HIV-1. In summary, though differing in detail, LUV binding of these chimeric monomeric, dimeric, and hexameric MA species to four types of LUVs followed the same trends as observed in cells.
We also compared flotation of full-length RSV and HIV-1 Gag proteins with flotation of the chimeric MA species. Previous work by us and by others had shown that Gag binding to liposome membranes is augmented by high concentrations of PS, by cholesterol, and by low concentrations of PIPs (8, 9, 15, 74) . These findings were qualitatively recapitulated in the present study (Fig.  3) . In comparisons of Gag with the different MA multimers, Gag behaved like the MA multimers, but with some variation. For example, flotation of HIV-1 Gag with LUVs made with low PS was consistently not higher than flotation of monomeric MA (Fig.  3C) . Also, flotation of the RSV MA-FKBP monomer was not boosted by cholesterol or PIP2, and similarly flotation of the HIV-1 MA-FKBP monomer was not boosted by PIP2. To explain these results, we speculate that the observed high binding of Gag to For each cell, at least two measurements of signal intensity, at representative locations, were taken as described in Materials and Methods, for a total of at least 50 measurements per protein. P values were determined using Student's t test for comparisons denoted by a horizontal line above two bars. *, P Ͻ 0.001.
LUVs with cholesterol or PIPs may reflect Gag multimerization. Expressed in another way, membranes that support strong binding of Gag may promote Gag multimerization.
Membrane association of purified MA multimers. To further investigate the effect of MA multimerization on membrane association, we purified RSV MA, RSV MA-FKBP, RSV MA-Ccmk4, and HIV-1 myr-MA after expression in E. coli. First, to confirm that these proteins were in their predicted multimeric state, sucrose gradient velocity sedimentation was performed. The putative MA-FKBP dimer sedimented about 1.3-fold farther than the monomer, and the MA-CcmK4 hexamer sedimented about 2.6 times farther than expected of an MA-CcmK4 monomer (Fig.  4A) . Although the low resolution of this technique does not allow detailed estimates of size, we interpret the sedimentation behavior to be consistent with a majority of the protein moving as dimers or hexamers, respectively. Second, the proteins were submitted to flotation analyses like those for radioactive proteins translated in vitro. The LUV binding was in agreement with that found for the reticulocyte-translated proteins. For example, the RSV MACcmk4 hexamer associated with all liposome types significantly more than did the MA-FKBP monomer (Fig. 4B) . Similarly, LUV association of the RSV MA monomer, dimer, and hexamer was strengthened by high PS, by cholesterol, and by PIP2, as found for the in vitro-translated proteins. We conclude that the effects of multimerization and of membrane composition on membrane binding are not substantially altered by the vast excess of rabbit protein present in the in vitro translation mixture. Previously, we reported that the relative binding constants of monomeric RSV MACA CTD and monomeric HIV-1 MACA CTD were of similar magnitude, and the same was observed for the dimeric versions of these proteins (53, 54) . In contrast, in the present study RSV MA and MA-FKBP on the one hand and HIV-1 myr-MA on the other showed significant differences in the flotation assays. Perhaps this discrepancy arises from the different salt concentrations used in the analyses, 75 mM NaCl in the earlier work (53, 54) and 150 mM NaCl here.
Effect of RNA on Gag and MA membrane interaction. RNase treatment of a reticulocyte extract in which HIV-1 Gag has been synthesized increases Gag binding to liposomes, suggesting that RNA competes for Gag-membrane interactions (14) . To determine if this is a general principle of retroviral Gag-and MA-membrane interaction, we tested the effect of RNase on RSV MA monomer and RSV Gag compared with HIV-1 MA-FKBP monomer and HIV-1 Gag. RNase treatment for RSV MA, MA-FKBP monomer, and Gag had little effect on membrane binding of these proteins. Enhanced binding was observed only for RSV MA monomers to LUVs with high levels of PS (Fig. 5A) . In contrast, the LUV binding of HIV-1 MA-FKBP monomer and of HIV-1 Gag was augmented by RNase treatment (Fig. 5B) , as reported previously (11, 14) . At low PS, the flotation levels for the HIV-1 proteins increased about 3-fold. At high PS and with the addition of cholesterol, flotation of HIV-1 MA-FKBP monomer increased about 2-fold, but that of HIV-1 Gag increased only modestly. The small effect of RNase on HIV-1 Gag for these lipid mixtures might be explained by saturation of binding. In our hands, RNase also led to about a 2-fold stimulation of flotation of HIV-1 MA-FKBP monomer and of HIV-1 Gag to PIP2-containing liposomes, in agreement with the results of Chukkapalli et al. (14) . In summary, these results suggest that at equivalent protein, salt, and lipid concentrations, RNA does not inhibit the LUV binding of RSV MA and Gag, while it does inhibit LUV binding of HIV-1 MA and Gag.
RSV MA has a net surface charge of ϩ3, while HIV-1 MA has net surface charge of ϩ6 (1). We speculated that this difference might underlie the observed differences in RNase sensitivity. To explore this idea, we tested the binding of a mutant RSV MA called Super-M (SM) to liposomes, with and without RNase treatment. SM-MA carries the two mutations E25K and E70K (57, 75) , resulting in a net change in charge of ϩ4, leading to a total surface charge of ϩ7. SM-Gag is known to bind more rapidly to the PM and apparently as a consequence to bypass trafficking into the nucleus (57, 75) . SM-MA floated with LUVs approximately 2-fold more extensively than did wild-type (WT) MA when the liposomes had low levels of PS or included cholesterol or included PIP2 (Fig. 6) . Similar to what was observed for HIV-1 MA-FKBP, RNase increased the binding of SM-MA to three of the four LUV types tested. From these results, we conclude that in this experimental setting RNA plays less of a role in membrane interaction for WT RSV than for HIV-1 and that this difference is accounted for at least in part by surface charge density.
RNA-membrane competition with purified RSV MA and HIV-1 MA. Considering the basic nature of both RSV and HIV-1 MA, it seemed surprising that RNase treatment of the reticulocyte extract led to different results for the WT RSV and HIV-1 proteins. Therefore, we decided to test for RNA competition in another way, using flotation analysis of purified RSV MA and HIV-1 myr-MA proteins in the presence or absence of purified tRNA. For a 25-l binding reaction volume, tRNA was added to a final concentration of 15 M. At 150 mM NaCl, little or no tRNA effect on flotation of either protein was observed (data not shown). But at 50 mM NaCl, consistent with flotations of RNase-treated reticu- (Fig. 7B ). This decrease was greatest for membranes with low levels of PS. For RSV MA at this salt concentration, addition of tRNA also led to greatly reduced flotation for LUVs with low levels of PS. But unlike for HIV-1 myr-MA, for RSV MA the addition of tRNA did not significantly reduce binding to LUVs with PIP2. The effect of tRNA on protein binding to LUVs prepared with high levels of PS or cholesterol was modest for both HIV-1 and RSV MA. These results show that RSV MA binding to membranes with high PS, with cholesterol, or with 2% PIP2 is hardly perturbed by tRNA. In published assays measuring HIV MA or Gag membrane binding, the addition of PI(4,5)P2 was found to partially (14) or fully (74) relieve nucleic acid competition. In addition, Jones et al. showed that inositol phosphates can relieve MA inhibition of NCmediated tRNA annealing (76) . In our reticulocyte reaction flotation assay, PI(4,5)P2 only modestly increased membrane binding for HIV Gag but not for HIV MA (Fig. 5B) . In addition, in the presence of tRNA, liposomes containing PI(4,5)P2 only modestly enhanced membrane binding of purified HIV myr-MA (Fig. 7B) . We predict that the differences between our results and these published results may reside in differences in experimental methods. For example, we used liposomes containing 2% PI(4,5)P2, while Chukkapalli et al. (14) and Alfadhli et al. (74) used liposomes containing 7.5% PI(4,5)P2 and 10% PI(4,5)P2, respectively. Additional differences are in the methods for preparation of liposomes and in lipid acyl chain saturation, which we have previously reported to be a factor in protein recognition of membranes (15) .
DISCUSSION
We have studied the effect of multimerization on the binding of RSV and HIV-1 MA to membranes in vivo and vitro. For HIV-1, dimerization of MA-GFP increased fluorescence at the PM, as reported previously (54) , while hexamerization led to highly concentrated PM fluorescence. For RSV, dimerization of MA-GFP did not lead to significant PM localization, but hexamerization resulted in highly concentrated PM fluorescence, as for HIV-1. Our interpretations of the imaging and liposome flotation results have several theoretical limitations, although these are unlikely to affect the conclusions in a substantive way. First, we have not directly measured the extent of dimerization mediated by the binding of BB to the FKBP domain in cells or in the reticulocyte extracts. The optimal concentration of BB was determined empirically and was similar to values reported in the literature. But even at optimal concentrations, on a statistical basis, some of the BB reagent will bind to only one FKBP domain and some domains will have no reagent bound. Second, in the case of HIV-1 MA and MA-FKBP, we have not independently verified the assumption that in the absence of BB these proteins are monomeric. HIV-1 MA can trimerize, both in solution (56, 77) and in crystals (78) . However, according to the published data for solution, one-half of the MA is trimerized at 70 M, a concentration that we estimate is considerably higher than that in the reticulocyte lysates. Third, the sedimentation velocity experiments are not precise enough to rule out that a small percentage of the MA-CcmK4 polypeptides are in lesser or greater states of multimerization.
In previous work on binding of full-length Gag to liposomes (8, 9, 15) , it was assumed, explicitly or tacitly, that Gag remained monomeric, since the Gag concentration in the reticulocyte extract was presumed to be below the dissociation constant (K d ) for dimerization of CA (ϳ10 M [71] ) and also of Gag (ϳ5 M [79] ). Two scenarios could explain our present results showing that by liposome flotation both HIV-1 and RSV Gag behave more like MA multimers than MA monomers. The first is based on the presence of two highly basic domains in Gag, MA and NC, both of which may interact with membranes. Indeed it is known for HIV-1 Gag (in its nonmyristoylated form) that in solution the MA and NC domains are near each other, making the overall shape of Gag like that of a horseshoe (80, 81) . Moreover, from low-angle neutron scattering analyses of HIV-1 Gag bound to a tethered membrane, it appears that the horseshoe shape is maintained, implying that both domains contact the membrane simultaneously under the relatively low ionic-strength conditions used (81) . One domain, presumably NC, can be displaced by addition of nucleic acid or by increase of the ionic strength, leading to an extended Gag conformation. On the other hand, the possible function of HIV-1 NC in membrane binding is called into question by the observation that WT Gag and Gag missing the NC domain bind similarly to PC/PS liposomes (14) .
A.
B. The second possible explanation to account for the similarity of liposome binding by Gag and multimeric MA is that Gag multimerization is promoted by the RNA in the reticulocyte extract, and/or by membranes. For example, in preliminary experiments we confirmed earlier reports that after ultracentrifugation much of HIV-1 Gag was in the pellet, even in the absence of added liposomes (82) . In contrast, under the same conditions, most of the RSV Gag remained in the supernatant. To address the questions implied by these observations, it will be important to carefully compare the properties of purified Gag with the properties of in vitro-translated Gag in crude extracts.
Comparisons and quantitative interpretations of the various published liposome binding experiments with Gag proteins, including the flotation experiments described here, are hampered by the diversity of experimental conditions used in different labs and even the same lab. For example, the ionic strength in the liposome-Gag mix before centrifugation as well as in the sucrose gradients has not been constant for the several published papers. Nor have the methods for liposome preparation and for centrifugation been identical. In our own work presented here, to facilitate processing of the large number of flotation experiments analyzed, we used very small (0.25-ml) sucrose gradients, similar to those described by Dalton et al. (53, 54) . In an earlier publication, we used 4-ml gradients and longer centrifugation times, which may explain why some of the results are quantitatively, though not qualitatively, different. It would be very useful to develop a liposome binding assay that is more rapid and quantitative than flotation and that has a greater dynamic range.
Both in vivo (8-11, 13, 14) and in vitro (6-11, 15, 83) , PIPs stimulate PM interaction of retroviral Gag or MA proteins, but these several observations are difficult to interpret in a unified manner. For example, on the one hand, the specificity of the HIV-1 MA binding pocket for short-chain PI(4,5)P2 is well established (7), and depletion of PI(4,5)P2, the major PIP species at the PM, compromises HIV-1 Gag PM association (8, 9, 11) . But on the other hand, HIV-1 Gag shows only very modest specificity for PI (4, 5) P2 by flotation analysis (8, 9) . It remains to be established to what degree PIP stimulation of membrane binding in vitro is due only to electrostatics.
In the experiments described here, we observed that the addition of 2% PI(4,5)P2 to liposomes enhanced binding of HIV-1 Gag more than it did the binding of the monomeric or the multimeric chimeric species of MA. To explain this effect, we speculate that PI(4,5)P2 promotes multimerization of HIV-1 Gag. This hypothesis is based in part on the effects of the PIP head group analogs on in vitro assembly of HIV-1 Gag. A nonmyristoylated, MA-deleted version of Gag (missing residues 16 to 99) assembles into normal immature particles in the presence of nucleic acid (33) . However, full-length nonmyristoylated HIV-1 Gag assembles into tiny aberrant particles. This defect can be corrected by addition of inositol hexakisphosphate (IP6) or IP5 (33) . Tight interaction of IP6 with Gag requires both the MA and NC domains (79) , and this interaction appears to promote a Gag monomer-trimer equilibrium. The authors of these studies interpreted the action of IP6 or IP5 in this in vitro system to mimic PIPs, perhaps PI(4,5)P2 or PI(3,4,5)P2. The hypothesis that PIP enhancement of liposome binding at least in part reflects a stimulation of Gag multimerization remains to be tested.
HIV-1 Gag binding to membranes in vitro is modulated by nucleic acid. Depletion of RNA from reticulocyte reactions by RNase treatment or by mutation of the two lysine residues in MA that are inferred to be RNA binding residues (14) results in enhanced flotation (11, 14, 83) . We have extended the study of this RNase effect to HIV-1 and RSV MA proteins. It seems surprising that in contrast to HIV-1 Gag and MA, RSV Gag and MA hardly respond to RNase treatment of the reticulocyte lysate. The simplest explanation of these differences between the two viruses is based on the observation that the interaction of RSV MA with RNA is much weaker than that of HIV MA (K. Musier-Forsythe, personal communication). These differences may be grounded in part in the different surface potential of the MA domain, with HIV-1 MA having a net positive surface charge of ϩ6 compared with ϩ3 for RSV MA (1). The importance of surface charge in this context is suggested by the observation that the super M mutant form of RSV MA, with a surface charge of ϩ7, was similar to HIV-1 MA in the effect of RNase treatment on liposome flotation. Alternatively or in addition, HIV-1 MA has been inferred to have a specific RNA binding surface that partially overlaps with the binding surface required for PIP2 interaction (84) , which might be absent in RSV, even though RSV MA also can bind to RNA (52) . It remains challenging to understand how RSV Gag is targeted to the PM despite both a lesser surface charge and a lack of myristoylation. We hypothesize that while both RSV and HIV-1 rely on multimerization for stable PM interaction, RSV requires higher order multimerization than does HIV-1.
For all retroviruses, surprisingly little is known about the multimeric state of Gag between the time it is synthesized as a monomer on cytoplasmic polysomes and the time it becomes associated with a budding virus particle at the PM. Prior to assembly, HIV-1 Gag becomes complexed with cellular proteins, for example, ABCE1 (also called HP68) (85, 86) or AP3 (87) , and RSV Gag may enter similar complexes (88) , but the stoichiometry of Gag molecules in these structures has not been established. In order to understand the mechanism of assembly, it will be important to determine the multimeric status of retroviral Gag proteins before they reach the plasma membrane. Two studies have addressed this issue. Based on in vivo cross-linking, Kutluay and Bieniasz (89) concluded that the most abundant HIV-1 species in the cytoplasm is monomeric. Fogarty et al. (90) came to a similar conclusion using multiphoton microscopy coupled with quantitative fluorescence fluctuation analysis of Gag-GFP (91, 92) . With this technology, it is possible to estimate the actual molar concentration of Gag-GFP in the cytoplasm. In that experimental setting, PM binding of HIV-1 Gag-GFP and limited multimeric forms of Gag were observed only after the cytoplasmic concentration reached a critical level, approaching micromolar (L. Mansky, personal communication). What these techniques are not able to answer unambiguously is whether Gag multimers that form in the cytoplasm then quickly become PM bound or, alternatively, Gag molecules are recruited as monomers to assembly sites on the PM. More-sophisticated dynamic analyses will be needed to address these questions.
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